Based on statistical amount of traffic and weather data sets from three weigh-in-motion sites for the study period of from 2005 to 2009, permanent traffic counters and weather stations in Alberta, Canada, an investigation is carried out to study impacts of winter weather on volume of passenger car and truck traffic. Multiple regression models are developed to relate truck and passenger car traffic variations to winter weather conditions. Statistical validity of study results are confirmed by using statistical tests of significance. Considerable reductions in passenger car and truck volumes can be expected with decrease in cold temperatures. Such reductions are higher for passenger cars as compared to trucks. Due to cold and snow interactions, the reduction in car and truck traffic volume due to cold temperature could intensify with a rise in the amount of snowfall. For passenger cars, weekends experience higher traffic reductions as compared to weekdays. However, the impact of weather on truck traffic is generally similar for weekdays and weekends. Interestingly, an increase in truck traffic during severe weather conditions is noticed at one of the study sites. Such phenomenon is found statistically significant. None of the past studies in the literature have presented the possibility of traffic volume increases on highways during adverse weather conditions; which could happen due to shift of traffic from parallel roads with inadequate winter maintenance programs. It is believed that the findings of this study can benefit highway agencies in developing such programs and policies as efficient monitoring of passenger car and truck traffic, and plan for efficient winter roadway maintenance programs.
Introduction
Traffic volumes on highways vary with both time and space. Temporal variation occurs with respect to hour, day and month of the year. The highway type, location and route choice behavior of road users cause spatial variation. Even if traffic streams are investigated for the same time and location, the variations of traffic volumes could differ substantially when each vehicle class travelling in the traffic stream is analyzed separately. Adverse weather conditions (in any season or climate) add another dimension to variations of traffic stream. Understanding of such temporal and spatial variations of truck and passenger car traffic under different weather conditions is very useful for both macroscopic and microscopic modelling of highway traffic.
Literature shows that extreme weather conditions cause travel disruptions resulting in slower speeds, travel delays, trip adjustments (for example, cancellation or delaying of trips) and increased collisions [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Owing to the geographical location, the winter weather conditions in Canada and many other northern regions in the World are very severe with heavy snowfall, and extremely cold temperatures. Such winter weather conditions cause increased travel disruptions and trip adjustments which could result in significant changes to truck and passenger car traffic patterns on highways. Datla and Sharma's [1, 12] study showed that winter weather causes variations in highway traffic volumes, and the magnitude of such variations depends on time of the day, day of the week, location, highway type and severity of the weather. However, their study and other similar studies in the literature were conducted solely on the basis of total traffic volume data which includes a mix of passenger cars and trucks. None of the past studies in the literature provided detailed information regarding impacts of winter weather on temporal and spatial variations of truck traffic. Impact of weather on route choice behavior of truck and passenger car drivers have also not been studied in the literature.
More importantly, none of the studies in the literature has presented the possibility of traffic volume increases on high standard highways during adverse weather conditions; which could happen due to shift of traffic from low standard highways. This study is the first to recognize and model such occurrences.
The main purpose of this study is to investigate and model the impacts of winter weather on temporal and spatial variations of truck and passenger car traffic. Multiple regression models are developed to relate truck and passenger car traffic variations to winter weather conditions. This study uses Weigh-in-Motion (WIM) data from six different sites located on the highways of the province of Alberta, Canada. Hourly traffic volume data from several permanent traffic counters located in the vicinity of WIM stations have also been used in this study. Climate data is obtained from the 598 weather stations (operated by Environment Canada) in the province of Alberta. Modeling work is carried out using CARPACKAGE from the statistical software R [13, 14] .
Literature Review
Past studies on the impact of weather on traffic flow can be broadly categorized into two groups: 1) studies focusing on the impact of weather on traffic parameters such as volume, speed, and headway and 2) studies focusing on the impact of weather events on the quality of traffic flow (e.g. operating level of service, crash rates, traffic delays, start-up delays at intersections, and traffic congestion). As the main focus of this study is on highway traffic volumes, most relevant studies in literature that deal with the impact of weather on highway traffic volumes are only presented in this section.
A majority of studies in literature reported quantitatively the association of traffic volumes with weather conditions i.e., magnitude of reduction in traffic volumes due to different weather conditions. Datla and Sharma [1, 12] studied the impact of cold and snow on daily and hourly traffic volumes on provincial highways of Alberta, Canada. Their study showed that the impact of cold and snow on traffic volumes vary with the day of the week, the hour of the day, the month of the year, the highway type, and the severity of cold temperature. They reported that average winter daily traffic volume reduces by about 30% during extremely cold weather (below -25˚C). Their study also showed daily traffic volume reductions ranging from 7% to 17% for each centimeter of snowfall and up to 51% reduction during severe snowstorms (a snowfall of 30 cm or above). Effect of temperature and snowfall interactions on traffic volume was also investigated in their study. Hanbali and Kuemmel [3] studied the average traffic volume reductions due to snow storms on rural highways in the United States. They reported that traffic volume reductions up to 56% might occur depending on the adversity of snow storm. For Lothian region, Scotland, Hassan and Barker [6] studied the association traffic with meteorological parameters such as minimum and maximum temperatures, snow and rain fall, snow on ground and sunshine hours were considered in their study. Their study concluded that the average traffic reductions were less than 5% under extreme weather conditions but there was a reduction of 10% -15% in traffic activity when snow was lying on the ground. Knapp and Smithson [2] analyzed the average traffic reductions on interstate highways in Iowa State during winter storms. Their study reported average reductions ranging from 16% to 47% for different storm events. They considered only the storm events having air temperature below freezing, wet pavement surface, pavement temperature below freezing and a snowfall of at least 4-h duration with intensity higher than 0.51 cm/h. Keay and Simmonds [8] reported the association of rainfall and other weather variables with traffic volume on urban arterials in Melbourne, Australia. The traffic reductions during wet days were 1.35% in winter and 2.11% in spring. A maximum reduction of 3.43% was reported for a rainfall ranging from 2 mm to 5 mm in spring. On Inter-state Highway 35 in northern rural Iowa, Maze et al. [9] reported a strong correlation between the percentage reduction in traffic volume and wind speed and visibility during snowy days. They have reported 20% reduction in traffic during snowy days with good visibility and low wind speed. The reductions are about 80% when the visibility is less than one-quarter mile and high wind speed (as high as 40 miles per hour). Changnon [15] studied the impact of variations in summer precipitation patterns on travel patterns in Chicago. Using the matched-pair technique, he compared the traffic volume patterns during the days with and without rainfall. Several other studies [3] [4] [5] 7, 10, [16] [17] [18] [19] have also reported reductions in traffic volume levels and changes in traffic patterns during adverse weather conditions. Previous paragraph mainly discussed the impact of adverse weather conditions on traffic volumes without providing the details regarding travelers' decision-making behaviour before and during trips. In this section, some studies that consider driver behaviour that directly influence the temporal and spatial variation of highway traffic are reviewed. Hanbali and Kuemmel [3] indicated that the traveling characteristics of trip makers during adverse weather conditions depend on four factors: 1) the trip maker's willingness to travel; 2) the importance of the particular destination; 3) the difficulty of moving from the origin to the destination; and 4) other related factors. They indicated that a reduction in traffic movement occurs due to a traveler's desire to avoid travel during wet or snowy weather. Maki [20] reported that the traveling characteristics of trip makers are highly dependent on the severity of weather conditions and their driving comfort in adverse weather conditions. He mentioned that the driver behaviour during adverse weather conditions varies from place to place. He pointed out that traffic volume reductions occur during adverse weather conditions due to trip adjustments such as leaving for work early, staying late before coming back, and an avoidance of unnecessary and discretionary trips. Khattack [21] and ITT Industries [22] also reported that extreme weather conditions can cause drivers to change their mode of travel, route, departure time, or cancellation of the trip entirely. A recent survey conducted by Markku and Heikki [23] on driver behaviour during adverse weather conditions indicated that trip adjustments during these conditions could be associated with limited driving experience, increasing age, female gender, and the length of the trip. According to their survey, discretionary trips would be underrepresented on highways during poor driving conditions due to the cancellation or postponement of trips. Datla and Sharma [1] showed that the reduction in highway traffic volume due to snow and severe cold is related to the proportion of discretionary trips. Their study also indicted that social-recreational trip makers have more choices as to whether or not they will make a trip with respect to weather conditions. Datla and Sharma's study also showed more trip adjustments during the start of the winter season as compared to middle or end of winter season due to psychological adaptation of drivers to winter weather conditions.
As indicated previously, there is a serious lack of detailed information in the literature regarding impacts of winter weather on truck traffic. Differential impact of winter weather on passenger cars and trucks are not available in the existing literature. Also, there is little or no past research that investigated the interaction of the amount of snowfall and winter temperatures on passenger cars and truck traffic during severe winter conditions. Moreover, none of the studies in the literature have presented the possibility of traffic volume increases on high standard highways during adverse weather conditions; which could happen due to shift of traffic from parallel low standard highways with inadequate winter maintenance programs. Based on large traffic and weather data from weigh-in motion sites, permanent traffic counters and weather stations in the province of Alberta, a detailed investigation is carried in this study to address the research topics identified in this paragraph.
Study Data
Traffic data for this study were obtained from Alberta Transportation (AT), the agency that is responsible for provincial transportation in Alberta, Canada. They currently operate nearly 350 permanent traffic counters (PTCs) to monitor traffic volumes on a 30,875-kilometer highway network. Each PTC represents a particular highway segment. The most recent data available at the start of this study were hourly traffic volume data for 16 years from year 1995 to 2010. AT also collects vehicle classification and weight data at six key highway sections using Weigh-in-Motion (WIM) sites. These WIM sites were installed in July 2004 and have continuously been collecting vehicle classification and load data for programs such as Alberta's Strategic Highway Research and Long Term Pavement Performance Programs. Calibration verification is conducted by a contractor on a monthly basis and it is at 79.4% [24] . The weather data for this study were obtained from Environment Canada's National Climate Data and Information Archive [25] . Environment Canada collects climatologically data from nearly 8000 weather stations (including many intermittent ones) across the country. Each of these weather stations provide detailed weather parameters such as maximum, minimum, and mean temperature (measured in degrees centigrade (˚C)), total rain (millimeters), total snow (centimeters), total precipitation (millimeters) and snow on ground (centimeters) on a daily basis. Details of raw data format and measuring methods for each of these weather parameters are available in Environment Canada website [25] . There were about 600 weather stations operated by Environment Canada in the province of Alberta.
Historically, the locations of WIM and PTC sites have been selected without considering the locations of weather stations in the province of Alberta. In some cases, weather stations are located close to the WIM or PTC site, and in other cases, they are far away. Therefore, one of the criteria used to select the study sites was based on the availability of weather stations within acceptable distance from the study sites. Literature review was carried out to define approximate distance within which weather conditions could be similar. From the research done by Andrey and Olley [19] and Datla and Sharma [1] , it was found that weather conditions could be considered homogeneous within the area of 16 -25 km radius around the weather station. A Geographical Information Systems (GIS) base map with 600 weather stations, 6 WIM sites and 350 PTC sites was developed. WIM and PTC sites with weather stations within the 16 -25 km radius were identified using Proximity analysis module provided by GIS software Arc Map 9.9 [26] .
Based on the availability of complete data from different data sources (WIM sites and weather stations), traffic and weather data from three WIM sites over a span of 5 years from 2005 to 2009 were selected for the present study.
After thorough research on different vehicle classifica-tion methods, Federal Highway Administration (FHWA) 13-category classification scheme was selected to classify the vehicles from WIM data. This scheme was developed in 1985 by Maine Department of Transportation (Maine DOT) [27] and is called "scheme F". This classification scheme is a standard scheme adopted by several highway agencies in North America. Figure 1 shows location of study WIM sites and nearby Environment Canada weather stations. Two of the three study sites are located on Alberta Highway 2, which connects the province's two largest cities Edmonton and Calgary. One study site is located on Highway 2 just south of the City of Red Deer while the other is south of the City of Leduc. The third site is located on Highway 2A south of the City of Leduc. Highway 2 is the longest highway in Alberta. This corridor is among the top five in Canada in terms of traffic volume. The highway serves as the major economic corridor in western Canada, and it is part of the CANAMEX TRADE CORRIDOR which connects Mexico to Alaska through Nevada, Utah, Montana, Alberta, British Columbia, and the Yukon. A significant portion of the heavy vehicle traffic on this facility is oil field related, such as preassembled oil processing equipment, pipes and construction machinery. Agricultural and consumer goods are the next significant goods movements on Highway 2.
The Calgary to Edmonton section of Highway 2 is a four lane divided freeway facility with a 110 km/hr posted speed limit. Highway 2A parallels the east side of Highway 2 north of the City of Red Deer. Highway 2A is a two-lane undivided highway with varying speed limits. The posted speed limit on Highway 2A at the study site is 100 km/hr.
Methodology
To investigate the impact of weather on highway traffic by vehicle type, the raw data obtained from the WIM sites were classified using the FHWA classification method described in the previous section. This process resulted in 13 vehicle classes. However, due to lower number of total trucks in general and too many truck classes, sample data couldn't generate sufficient samples to carry out detailed statistical analysis by each vehicle class. Therefore, the 13 vehicle classes were aggregated into two classes i.e., passenger cars and trucks. Historical weather records from Environment Canada climate database indicate that the province of Alberta experiences severe snowfall and cold conditions from November to March. Based on these observations study period for this research was limited to November to March from 2005 to 2009. Liu and Sharma [28] indicates that traffic patterns during long weekend holidays are very unique and special attention is needed to conduct research using data from holidays and their neighboring days. For this reason, the three holidays observed in the study period (New Year Day, Alberta Family Day (3rd Monday of February), and Christmas Day) were excluded from the study analysis.
A thorough analysis was carried out to understand the hourly, daily traffic patterns of the classified vehicles (trucks and passenger cars). Figure 2 shows the typical daily and hourly variations of total traffic, passenger cars and trucks at the three study sites during winter months. The typical weekday hourly volume to AADT ratios (hourly factors) are shown in Figures 2(a), (c) and (d) . The typical daily traffic volume to AADT ratios (daily factors) versus day of week plots are shown in Figures  2(b) , (d) and (f). Because major portion of total traffic is passenger cars (80% to 85%), the traffic patterns of total traffic and passenger cars are very similar. However truck patterns are unique and different to passenger car patterns. The hourly passenger car factor variations show a single peak from 5 PM to 7 PM for the highway 2 sites (Figure 2(a) and Figure 2(c) ). For the highway 2A site two distinct peaks are observed each day (Figure 2(e) ): the morning peak from 7 AM to 9 AM and the evening peak from 4 PM to 7 PM. There is a general upward trend in weekday (Monday to Friday) passenger car traffic for all the study sites (see Figures 2(b), (d) and (f) ). There is only a slight increase from Monday to Thursday; however, traffic on Friday traffic is substantially higher in all cases. The weekend passenger car traffic volumes are higher than the regular weekday (Monday to Thursday) passenger car traffic volumes and slightly less than Friday volumes for highway 2 sites (Figures 2(b) and  (d) ). For the highway 2A (Figure 2(f) ), the Friday volumes are generally the highest, followed by Sunday, Saturday, and other weekdays. The differences in traffic patterns at the study sites show the need to conduct separate analysis. For trucks, the weekday hourly traffic patterns are different from passenger cars. Trucks show a single peak from 2 PM to 6 PM. The daily truck volume patterns are also different as compared to passenger cars with weekday volumes significantly higher than weekends and unlike passenger cars, Friday volumes are similar to other weekdays. Also truck traffic decreases significantly (more than 50%) during weekends as compared to weekdays. The traffic patterns in Figures 2(a) and (b) are very similar to the patterns in Figures 2(c)  and (d) . This indicates that the traffic conditions are very consistent on highway 2 with a similar traffic patterns for the two study sites located on highway 2. This is very helpful for testing the study findings for consistency. As per the road type classification system proposed by Sharma et al. [29] and traffic patterns observed in Figure  2 , highway 2 sites can be classified as Regional Long Distance Roads and highway 2A site as a Commuter road. Because the traffic patterns for passenger cars and trucks are very distinct (as observed in Figure 2 ), modeling work has been carried out to develop separate models for the cars and trucks for Highway 2 and Highway 2A sites.
Literature indicates that a standard regression analysis is appropriate to quantify the association between highway traffic volumes and weather. For example, Keay and Simmonds [8] successfully used regression analysis to quantify the impact of rainfall on road traffic volume. Furthermore, Knapp and Smithson [2] showed the appropriateness of the relationship between traffic volume and total snowfall using regression analysis. Based on these previous successful experiences, regression models are developed in this study to relate passenger car and truck traffic volumes with temperature and snowfall.
It is a well known fact that highway traffic volumes generally follow a similar trend year after year. This is the reason why highway agencies across the World rely so much on historical data for applications such as imputation of missing data, traffic monitoring program plans, and development of daily, hourly and monthly adjustment factors. Therefore the expected traffic volume which is historical average traffic volumes at the same time and location is used as an independent variable in the model. Such average volumes represent the range of traffic volumes under different cold and snow conditions. Before proceeding to modeling, scatter plots were developed to get a better understanding of the relationship between dependent and independent variables identified for the modeling. The traffic volume factors (volume to AADT ratios) rather than traffic volumes (number of vehicles) were used in the analysis to account for yearly variations in traffic volumes. Although other weather factors (e.g., wind, pavement condition, etc.,) cause variations in daily traffic volume, we limited in this research to two weather factors (i.e., snow, and temperature) that commonly result severe driving conditions during winter season in Nort America. h i.e., traffic volumes decrease with increase in amount of snowfall. A positive linear relationship is observed between daily volumes and temperature, i.e., daily passenger car volumes increase with increase in daily average temperature. The slope of regression lines of both snowfall and temperature plots are very similar between weekdays and Weekends. In the case of trucks, the clusters of observed data and the fitted regression lines follow similar very different as compared to cars. In case of trucks, the regression lines are very different for weekdays and weekends. Similar patterns are observed for the Highway 2A site in Figure 4 . These observations support the need for the development of separate models for cars and trucks. The differences in weekday and weekend scatter plots, especially for trucks, stresses development of separate models for weekdays and weekends.
The histograms of temperature for the days with snow and for the days without snow were constructed separately using weather data. The results indicated that average temperature is colder during the days with snowfall (-10.94˚C, 160 days over the five year period) than the no snowfall days (-8.08˚C, 350 days during the study period). A correlation analysis was also conducted between snowfall and temperature. The correlation coefficients ranged from 0.03 to -0.18, which means that little to no correlation exists between snowfall and temperature. This observation justifies the inclusion of snow and cold as independent variables in model specification.
Regression Model

Without Interaction of Snow and Temperature
Regression analysis has long been recognized as a most flexible and widely used technique to explain variation of quantitative dependent variable by establishing the relationships between dependent variable and a specified set of independent variables in a form of additive and linear mathematical functions [30] . In this research, an attempt has been made to model the impact of weather factors on daily traffic volumes. For the purpose of initial mapping the relationships between daily traffic volume and weather factors, a regression model has been designed with three independent variables i.e., EDVF (expected daily volume factor), snow, and temperature. The additive regression model formulated for this research is:
  Normalized daily total volumes (traffic volume to AADT ratio), passenger car volumes (passenger car volume to passenger car AADT ratio), and truck traffic volume (truck volume to truck AADT ratio) are used instead of actual volumes to take into consideration the yearly variations in traffic volumes. The normal traffic volume and weekly traffic trends are reflected by adding an expected daily volume factor (EDVF) as an independent variable in model. EDVF is calculated using historical data of the same month, week, and day. The variables SNOW and TEMP represent the weather conditions.
With Interaction of Snow and Temperature
The additive regression model (Equation (1)) with EDVF, SNOW, and TEMP as independent variables would take into account the individual impact of cold and snowfall on highway traffic (i.e., the impact of temperature on traffic volumes after impact of snowfall is taken into account and the impact of each centimeter of snowfall after the effect of temperature is taken into account). A more complex model design is required to investigate whether the impact of snowfall on traffic volumes is the same at all temperature ranges or varies with the severity of temperature. Such analyses would verify the existence or non-existence of cold and snow interaction impacts on traffic volumes Therefore the model structure shown in Equation (1) is modified to accommodate interactions between cold (temperature) and snow. The differential impacts of snowfall by cold or, equivalently, the differential impacts of cold by snowfall were captured in the model by including i interaction terms to the earlier model design in Equation (1) . The final form of the model used in this paper is shown in Equation (2) . Except interaction terms, all other terms serve the same purposes as defined in Equation (1).
Results and Analysis
The modeling process was carried out using the classified WIM data and corresponding weather records from the three study WIM sites (two WIMs site for highway 2 and one WIM site for highway 2A). Regression models were calibrated using Equation (2) . In total, 18 models (2 study highway sites × 3 day groups × 3 vehicle classes) were developed. These include separate models for all days, weekdays and weekends and for total traffic, passenger cars and trucks for both highways. , F-test, incremental F-test, and t-test) conducted to evaluate the study models, it is apparent that the models fit well to the sample data and the structure of the proposed model is appropriate. 2 
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A partial effect analysis between the dependent variable and an independent variable could be determined by varying the selected independent variable between its lower and upper boundaries (based on the study samples) and holding the other independent variables at a certain value. The partial effects of cold temperatures on daily traffic volumes are investigated in this section i.e., for example, partial effect of cold temperatures on daily traffic for a specific pre-defined snowfall amount. Figures 5  and 6 show the graphs developed to study the partial impact of cold temperatures on car and truck volumes. Results are presented separately for weekdays and weekends.
The solid line gives estimated daily traffic from the models shown in Table 1 . The dotted lines give the 95% envelop for the upper and lower thresholds of dependent variable estimates. Each plot in Figures 5 and 6 shows the partial impact of cold temperatures on daily traffic Figure 5 show the change in daily volume factor of passenger cars due to winter temperatures during weekdays for the Highway 2 sites for different pre-defined amounts of snowfall. These plots are generated by fixing EDVF at its average value calculated from sample data set. It should be noted that the estimated daily volume factor at the point where the two dotted lines cross each other shows the average EDVF for that particular subset of data. Also note that the crossing point generally happened at about -10˚C temperature which represents average and also most frequently occurring winter weather conditions in the vicinity of study sites. Comparison of slopes of plotted lines from left to right show change in partial impact of temperature on daily traffic with increase in amount of snowfall. Second row of plots in Figure 5 shows similar plots for trucks. Third and fourth rows of plots show the partial impact of cold on daily volume factor of passenger cars and trucks during weekends. The plots in Figure  6 are similar to Figure 5 except for different road site (Highway 2A site). Based on the traffic weather patterns of Figure 5 , the following interpretations can be made for Highway 2 sites, which serve regional long distance trips:  There is a clear indication that traffic volume on a given day depends on severity of cold and amount of snowfall.  A reduction in passenger car and truck volumes can be expected with increase in severity of cold temperatures. The amount of decrease in traffic volume depends on severity of cold.  When there is no snowfall the impact of cold temperature on both car and truck volumes is very marginal (see plots in Figures 5(a), (e), (i) and (m) ).  As the amount of snowfall increases the steepness of the regression lines increases, which means that the reduction in traffic volume due to cold temperature would intensify with a rise in amount of snowfall.
This clearly shows the existence of cold and snowfall interactions.  A snowfall of 15 cm or higher during severe cold conditions (-20˚C or lower) would result in a dramatic decrease in passenger car traffic on the road (see plots in Figures 5(d) and (l) ).  With higher amounts of snowfall, passenger cars experience higher reductions due to cold and snowfall as compared to trucks (as shown in plots d and l for cars; and plots h and p for trucks)  For passenger cars, the weekend plots (Figures 5(i) , (j), (k) and (l)) are steeper than weekdays (a, b, c, and d) indicating higher car traffic reductions in weekends as compared to weekdays. In the case of trucks, the regression lines seem parallel, which means the impact of cold and snow on truck traffic is similar for weekdays and weekends.  It should be noted that the width of the 95% envelop (shown by dashed lines) also increases from left to right indicting that the reliability of model estimate deplete with increase in severity of weather conditions. This could be because of low sample size due to lesser number of days of heavy snowfall during the winter season. The amount of reduction in traffic volume may be attributed to the proportion of discretionary trips in the traffic stream. The existence of more discretionary trips results in higher trip adjustments and, hence, higher traffic reductions. The reason of higher weekend traffic reductions may be due to the large proportion of discretionary trips during weekends. Trucks (or commercial vehicles) are usually required to follow rigid schedules to complete their mandatory travel irrespective of severe weather conditions. These kinds of business-oriented mandatory movements are most likely to generate unique truck travel patterns even when weather is unfavorable for making a trip. This could be the reason for (i) lower truck reductions in general and (ii) similar impact of weather on weekdays and weekends truck traffic Figure 6 shows the partial impact of cold on car and truck traffic on Highway 2A site, which serves as a regional commuter road in Leduc region. Interpretation of plots is the same as in Figure 5 . Similar to Highway 2, passenger car traffic experiences reduction in volume with increase in severity of cold and amount of snowfall. However, for both weekdays and weekends, the regression lines seem to be less steep than those observed for Highway 2. This indicates lesser impact of cold on car traffic at Highway 2A site as compared to Highway 2. It is interesting to note that the width of the 95% envelops of volume estimates for Highway 2A site are larger as compared to the plots in Figure 5 , especially for weekend car traffic. This could be due to a much smaller sample size available for used in the analysis for Highway 2A site, as shown in Table 1 . Except for these differences, all the remaining observations made earlier based on passenger car traffic-weather relation plots in Figure  5 are valid for Highway 2A site also.
The behavior of truck traffic at Highway 2A site during adverse weather conditions is quite different from the Highway 2 site. It is very interesting to see the regression lines of truck traffic showing a reverse trend i.e., increase in truck traffic volume with increase in severity of weather conditions. Such an increase in truck traffic is marginal for weekdays and high for weekends. This is contradictory to what has been observed for truck traffic at Highway 2 site. Moreover, none of the studies in the literature reported increase in traffic volumes during severe weather conditions. A further investigation was conducted to understand the possible reasons for such a controversial truck traffic patterns.
After reviewing the highway network near the study site, it was found that Highway 814 runs parallel to the Highway 2A. Highway 814 is a secondary highway with lower priority for winter road maintenance (snow removal etc.). Therefore it is possible that truck drivers may change their travel route by shifting to Highway 2A. A careful analysis of hourly traffic data from permanent traffic counter site located on Highway 814 showed significantly lower traffic volumes during the days with severe weather conditions (i.e., higher than normal traffic reductions that were seen at other similar highway segments). Brief communications with local municipalities in the vicinity of the study sites also indicated the possibility of traffic shifting. Therefore it could be concluded that there is a possibility of traffic volume increases on high standard highways during adverse weather conditions, which could happen due to shift of traffic from parallel low standard highways.
Summary and Conclusions
The literature study presented in this paper indicates clearly that severe weather conditions trigger variations in highway traffic. However, none of the past studies in the literature provided detailed information regarding impacts of winter weather on temporal and spatial variations of truck traffic. It is believed that understanding of truck traffic variations (or behaviour) under severe weather conditions can benefit highway agencies in developing such programs and policies as efficient monitoring of passenger car and truck traffic, and plan for efficient winter roadway maintenance programs.
An attempt has been made in this study to quantify the traffic variations under different weather conditions. Vehicle classification data from the WIM sites operated in the province of Alberta were used in this study. Climate data (2 weather stations) were obtained from the 598 weather stations (operated by Environment Canada) in the province of Alberta. Multiple regression models were formulated and calibrated to relate truck and passenger car traffic variations to winter weather conditions. All the calibrated models were tested for statistical significance of the independent variables using the standard test statistics such as F-test, incremental F-test, and t-test. A number of conclusions were drawn from the study results. Firstly, both car and truck traffic volumes on highways vary with severity of cold and amount of snowfall. The impact of cold temperature on both car and truck volumes is marginal during no snowfall days. The reduction in traffic volume due to cold temperature would intensify with a rise in amount of snowfall indicating the existence of cold and snowfall interactions. With higher amounts of snowfall, passenger cars experience higher reductions due to cold and snowfall as compared to trucks. A snowfall of 15 cm or higher during severe cold conditions (-20˚C or lower) would result in very few Cars travelling on the road. Moreover passenger cars experience higher traffic reductions in weekends as compared to weekdays. In the case of trucks the impact of cold and snow on truck traffic is similar for weekdays and weekends.
It is evident from this study that passenger cars are more vulnerable to adverse weather conditions than trucks. This vulnerability to severe weather conditions could be attributed to such behavior of drivers as choosing flexible departure times, changing routes, or canceling travel entirely and being able to make trip adjustments by avoiding discretionary trips. Trucks are not as greatly affected as passenger cars by adverse weather conditions. Trucks (or commercial vehicles) are usually required to follow rigid schedules to complete their mandatory travel irrespective of severe weather conditions. These kinds of business-oriented mandatory movements are most likely to generate unique truck travel patterns even when weather is unfavorable for making a trip.
Interestingly, the modelling results for one of the study sites reveal that higher truck traffic volumes can result during heavy snowfall (or other adverse weather conditions) in winter months. This is contradictory to observations from other similar studies in the literature. None of the studies in literature have reported such an increase in traffic volumes during severe weather conditions. A further investigation carried out for this study to understand the reasons for such behavior indicated shifting of trucks from secondary highways to primary highways due to poor winter maintenance programs. Therefore it can be concluded that there is a possibility of traffic volume increases on high standard highways during adverse weather conditions; which could happen due to shift of traffic from parallel low standard highways.
